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cis-Dihydroxylation and Epoxidation of Alkenes by [Mn2O(RCO2)2(tmtacn)2]: Tailoring 
the Selectivity of a Highly H2O2-Efficient Catalyst 
Johannes W. de Boer, Jelle Brinksma, Wesley R. Browne, Auke Meetsma, Paul L. Alsters, Ronald 





General. All reagents are of commercial grade (Aldrich, Acros, Fluka) and used as received unless stated otherwise. 
Hydrogen peroxide (Acros) used: 50% w/w solution in water. Cis-2,3-epoxyheptane1, trans-2,3-epoxyheptane, threo-2,3-
heptanediol, erythro-2,3-heptanediol, dimethyl meso-tartrate2, dimethyl cis-2,3-oxiranedicarboxylate3 and dimethyl trans-
2,3-oxiranedicarboxylate were prepared by literature procedures and characterized by 1H-NMR and 13C-NMR spectroscopy. 
14 was available from previous studies. 
 
Gas Chromatography. GC analyses were performed on an Agilent 6890 Gas Chromatograph equipped with a HP-1 
dimethyl polysiloxane column (30 m × 0.25 mm × 0.25 µm). Peak identification and calibration were performed using 
independent samples (either purchased from a commercial supplier or independently synthesized). Conversion and turnover 
numbers were determined in duplo employing 1,2-dichlorobenzene as internal standard. 
 
UV-Vis. UV-Vis spectra were recorded on a Hewlett Packard 8453 spectrophotometer, in 1 cm pathlength quartz cuvettes 
 
ESI-MS.  Electro-spray ionization mass spectra were recorded on a Triple Quadrupole LC/MS/MS Mass spectrometer (API 
3000, Perkin-Elmer Sciex Instruments). A sample (2 µl) was taken from the reaction mixture at the indicated times (vide 
infra) and was diluted in CH3CN (1 ml) before injection in the mass spectrometer (via syringe pump). Mass spectra were 
measured in positive mode and in the range of m/z 100-1500. Ion-spray voltage: 5200 V, orifice: 15 V, ring: 150 V, Q0: -10 
V. 
 
NMR. 1H- (400.0 MHz) and 13C-NMR (100.6 MHz) spectra were recorded on a Varian Mercury Plus. Chemical shifts are 
denoted relative to the solvent residual peak (1H: CDCl3 7.26 ppm; CD3CN: 1.94 ppm; 13C: CDCl3 77 ppm).  
 




Complex 2 was prepared by modification of the general procedure reported by Hage et al.5. L-Ascorbic acid (19 mg, 0.105 
mmol) in 2 ml of H2O was added to a solution of 1 (81 mg, 0.10 mmol) and trichloroacetic acid (35 mg, 0.22 mmol) in 20 ml 
of H2O with rapid stirring. The purple precipitate was isolated by filtration and recrystallized from acetonitrile by slow 
diffusion of diethylether. Yield 70 % (75 mg, 0.07 mmol). Mass spec. (calc. Mn2C22H42N6Cl6O5 m/z) 2(PF6)+ 935.0 (934.98), 
22+ 395.0 (395.01), isotope pattern in agreement predicted pattern for 6×Cl; 1H NMR (400 MHz, CD3CN) δ 66, 35, 32, 15, -
74, -87, -108. Elemental analysis (calc. Mn2C22H42N6Cl6O5P2F12) C 24.8 % (24.4%), H 4.01% (3.87 %), N 7.76 % (7.76 %). 
FTIR, 1719, 1661 cm-1 (-CO2- vib.). X-band EPR silent, 10 mM in CH3CN at 77 K. 
 
[C22H42Cl6Mn2N6O5]2+.2PF6-, Mr = 1083.13, monoclinic, P21/n, a = 12.2400(7), b = 15.5582(9), c = 21.494(1) Å, β = 
97.405(1)°, V = 4059.0(4) Å3, Z = 4, Dx = 1.772 gcm-3, F(000) = 2184, µ = 11.93 cm-1, λ(MoKα ) = 0.71073 Å, T = 100(1) 
K, 29469 reflections measured, GooF = 1.030, wR(F2) = 0.0791 for 9313 unique reflections and 664 parameters and R(F) = 
0.0326 for 7837 reflections obeying Fo ≥ 4.0 σ(Fo) criterion of observability. The asymmetric unit consists of three moieties: 






Complex 3 was prepared by modification of the general procedure reported by Wieghardt et al. Mn(ClO4)2 .6H2O(250 mg, 
0.69 mmol) was added to a N2 purged solution of tmtacn (200 mg, 1.16 mmol). After 10 min CCl3CO2Na (278 mg, 1.5 mmol) 
was added in one portion with rapid stirring. After 1 h, the volume was reduced (by N2 flow) to half its volume and kept at 6 
oC to yield white crystals suitable for x-ray analysis. Yield 28 % (175 mg, 0.195 mmol). Mass spec. (calc. 
Mn2C22H42N6Cl6O5 m/z) 3+ 791.0 (791.0), isotope pattern in agreement predicted pattern for 6×Cl; 1H NMR (400 MHz, 
CD3CN) no signals observed between -120 and 100 ppm. Elemental analysis (calc. Mn2C22H43N6Cl7O9) C 29.7 % (29.6 %), 
H 4.90% (4.81%), N 9.43 % (9.40%). FTIR, 1691, 1686 cm-1 (-CO2- vib.). 
 
[C22H43Cl6Mn2N6O5]+.[ClO4]-, Mr = 893.66, monoclinic, Cm, a = 15.695(3), b = 15.918(3), c = 15.594(3) Å, β = 104.801(3)°, 
V = 3766.6(12) Å3, Z = 4, Dx = 1.576 gcm-3, F(000) = 1832, µ = 12.19 cm-1, λ(MoKα ) = 0.71073 Å, T = 100(1) K, 10049 
reflections measured, GooF = 1.052, wR(F2) = 0.1499 for 5496 unique reflections and 447 parameters, 2 restraints and R(F) 
= 0.0567 for 4828 reflections obeying Fo ≥ 4.0 σ(Fo) criterion of observability. The asymmetric unit consists of four half 
moieties: two cationic dinuclear Mn-complexes, and two disordered ClO4- anions; all moieties have a crystallographic 








All catalytic oxidation reactions were performed in duplo. 
 
General procedure (A). The alkene (10 mmol), 1,2-dichlorobenzene (internal standard, 735 mg, 5.0 mmol), 
[Mn2O3(tmtacn)2](PF6)2.H2O (1) (8.1 mg, 10 µmol) and co-catalyst (typically 0.10 mmol, see Table 1 and S1) in acetonitrile 
(10 ml) was cooled to 0°C. H2O2 (0.74 ml, 13 mmol) was added via syringe pump over 6 h (0.12 ml/h). The reaction mixture 
was stirred at 0°C for 1 h after the addition of H2O2 was completed, prior to sampling by GC.  
 
General procedure (B) – {catalyst pretreatment (salicylic acid and trichloroacetic acid)}. H2O2 (30 µl, 0.53 mmol) was 
added to a mixture of 1,2-dichlorobenzene (735 mg, 5.0 mmol), 1 (8.1 mg, 10 µmol) and co-catalyst (salicylic acid or 
trichloroacetic acid, 0.10 mmol) in acetonitrile (7 ml) at room temperature. The mixture was stirred for 20 min, after which 
the alkene (10 mmol) was added together with acetonitrile (3 ml) and the mixture was cooled to 0°C. H2O2 (0.71 ml, 12.5 
mmol) was added via syringe pump (0.12 ml/h). The reaction mixture was stirred at 0°C for 1 h after the addition of H2O2 
was completed, prior to sampling by GC. 
 
General procedure (C) – {catalyst pretreatment (2,6-dichlorobenzoic acid)}. H2O2 (30 µl, 0.53 mmol) was added to a 
mixture of 1,2-dichlorobenzene (735 mg, 5.0 mmol), 1 (8.1 mg, 10 µmol) and co-catalyst (2,6-dichlorobenzoic acid, 0.30 
mmol) in acetonitrile (7 ml) at room temperature. The mixture was stirred for 20 min at room temperature followed by 
addition of the alkene (10 mmol) and acetonitrile (3 ml). The mixture was cooled to 0°C. H2O2 (1.00 ml, 17.6 mmol) was 
added via syringe pump (0.14 ml/h). The reaction mixture was stirred at 0°C for 1 h after the addition of H2O2 was completed, 
prior to sampling by GC. 
 
Procedure (D) for catalytic oxidation of dimethylmaleate and dimethylfumarate. H2O2 (30 µl, 0.53 mmol) was added to 
a mixture of 1,2-dichlorobenzene (0.368 mg, 2.5 mmol), 1 (8.1 mg, 10 µmol) and co-catalyst (salicylic acid and 
trichloroacetic acid: 0.10 mmol; 2,6-dichlorobenzoic acid: 0.30 mmol) in acetonitrile (7 ml) at room temperature. The 
mixture was stirred for 20 min, after which the alkene (5 mmol) was added together with acetonitrile (3 ml). H2O2 (0.34 ml, 
6.0 mmol) was added via syringe pump (0.06 ml/h) at r.t. The reaction mixture was stirred at r.t. for 1 h after the addition of 
H2O2 was completed, prior to sampling by GC. 
Under these conditions, using CCl3CO2H as additive, cyclooctene gives: 79% conversion, 122 t.o.n. epoxide, 166 t.o.n. cis-
diol (mass-balance: 78%). 
 
Isolation of cis-cyclooctane diol from the reaction mixture (see Table 1, entry 9). The catalytic oxidation of cyclooctene 
(10 mmol) was performed according to general procedure C. Subsequently, CH2Cl2 (10 ml) and saturated aq. NaHCO3 (10 
ml) were added and the organic layer was separated. The aqueous layer was extracted with CH2Cl2 (3 × 10 ml). The 
combined organic layers were washed with brine (15 ml) and dried on Na2SO4. The solvents were evaporated in vacuo. 
Pentane (5 ml) was added to the residue and the mixture was sonicated for a few minutes. The pentane was decanted and the 
resulting colorless precipitate was washed with pentane (2 × 5 ml) yielding cis-cyclooctane diol as a colorless solid (0.66 g, 
4.6 mmol, 46%, average of 2 runs). 1H NMR (400 MHz, CDCl3) δ 1.48-1.56 (m, 6H), 1.64-1.69 (m, 4H), 1.86-1.96 (m, 2H), 


















Table S1. Oxidation of cyclooctene to cis-diol and epoxide (including mass-balance)a





cis-diol   epoxide 
1 1 / CCl3CO2H (1.0) 91   (78) 440 245 
2 1 / CCl3CO2H (0.2) 59   (90) 340 145 
3 1 / CCl3CO2H (0.1)   9 (100)   65   25 
4 1 / -   3   (99)   10     5 
5 1 / HPF6 (1.0)   3 (100)   10   20 
6 2 / - 44   (94) 270 110 
7 2 / CCl3CO2H (1.0) 93   (71) 380 260 
8 3 / CCl3CO2H (1.0) 90   (76) 380 280 
9 1 / 2,6-Cl2PhCO2H (3.0) 67   (93) d 525   75 
10 1 / Salicylic acid (1.0) 82   (94)   60 695 
11 1 / Chloral hydrate (1.0)   3 (104)   20   15 
12 1 / CCl3CO2H (25) 96   (77) 325 405 
13 1 / Chloral hydrate (25)e 88   (80) 370 310 
 
a Reaction conditions: 1/cyclooctene/H2O2 1/1000/1300, H2O2 added over 6 h, reported data after 7 h, general procedure A. 
All values within +/- 10%. b Based on substrate consumed. c Turnover number (t.o.n.). N.B. for entries 1, 7, 8, 12 and 13 the 
discrepancy in the mass balance is due to further oxidation of the cis-diol to the α-hydroxyketone, see also ref. [6]. d Isolated 










































Figure S1.  Catalytic oxidation of cyclooctene employing 1, 2 and 3. 













































































Time dependence of substrate consumption and product formation in the oxidation of cyclooctene with 1, 2 and 3 (1.0 mol% 











Figure S2. UV-Vis. spectrum during the catalytic oxidation of cyclooctene in CH3CN at 0°C showing 1 (black) at the start of 
the reaction over 120 mins in the presence of a) CCl3CO2H b) Salicylic acid and c) 2,6-dichlorobenzoic acid 



















































































Species detected by ESI-MS. The catalytic oxidation of cyclooctene was performed in CH3CN at r.t.: 100 µl of a 10 µmol/ml 
stock solution of 1, 100 µl of a 100 µmol/ml stock solution of CCl3CO2H, 800 µl CH3CN and 137 µl cyclooctene were 
stirred at r.t. and H2O2 (3 µl; 50% aq.) was added every 15 min (1/CCl3CO2H/cyclooctene 1/10/1000). A) T=0 min. m/z (calc.) 
 S7
12+ 250.2 (250.10), [1(PF6)]1+ 645.5 (645.17). B) T=45 min. m/z 22+ 395, [2(PF6)]1+ 935. C) A 1:1 mixture of 1 and 2 
(independently prepared), indicating that both 1 and 2 give similar response under the conditions employed. 
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295 / 5 
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meso- / D,L-diol 
cis-/trans-epoxide 
(< 1%) 
0 / 0 
0 / 0 
98% (< 1%) 
0 / 0 
0 / 0 
101% (6%) 
0 / 0 
0 / 20 
102% 
dimethylfumaratee  
meso- / D,L-diol 
cis-/trans-epoxide 
(5%) 
0 / 15 
0 / 0 
97% (21%) 
0 / 105 
0 / 0 
99% (32%) 
0 / 105  
0 / 40 
96% 
a See general procedure B and C. All values +/- 10%. b Based on substrate consumed. c Turnover number (t.o.n.). d Isolated 
yield cis-cyclooctane diol: 46%. e Reaction conditions: 1/alkene/H2O2 1/500/650, see also general procedure D. f The 
discrepancy in the mass balance is due to further oxidation of the cis-diol to the α-hydroxyketone, see also ref. [6]. g Multiple 
(minor) oxidation side products observed by GC. h Benzaldehyde is the major oxidation side product 
 
 

















































alcohol / ketone 
- - (21%) 
(n.d.) 
- - - 
a Reaction conditions: 1/substrate/H2O2 1/1000/1800, H2O2 added over 7 h, reported data after 8 h, see general procedure C. 
All values +/- 10%. b Reaction conditions: 1/substrate/H2O2 1/1000/1300, H2O2 added over 6 h, reported data after 7 h, see 








Figure S5. Continuous addition of cyclooctene. 
 























With regard to further oxidation of cis-cyclooctane diol the following two experiments were conducted. A) Extended 
addition of H2O2 (dotted lines). This experiment shows that especially towards the end of the reaction, when most of the 
cyclooctene is consumed, further oxidation of the cis-diol takes place. B) When the amount of cyclooctene is kept at pseudo-




Figure S6. Continuous addition of 1-octene. 

















Continuous addition of 1-octene. A) Extended addition of H2O2 (dotted lines). This experiment shows that especially towards 
the end of the reaction, when most of the 1-octene is consumed, further oxidation of the diol takes place and, after all alkene 
is consumed, of the epoxide. B) When the amount of 1-octene is kept at pseudo-steady state levels (by continuous addition of 




Definitions used  
Turnover number (t.o.n.): mol product/mol catalyst. 
RC (retention of configuration) = 100% × (A – B)/(A + B) where A = yield of product with retention of configuration and B = 
yield of epimer.7
Mass balance [%] = unreacted alkene [%] + (cis-diol and epoxide products [%]). Deviation from 100% indicates loss through 
further oxidation of the cis-diol initially formed and/or the occurrence of competing oxidation pathways other than cis-
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